Polyoma virus demonstrated a requirement for all of the individual amino acids of Eagle's minimal essential medium; however, arginine deprivation inhibited virus synthesis to the greatest extent. Early recovery of virus synthesis upon addition of arginine to an arginine-deprived infection indicated that arginine deprivation possibly inhibited a late step of virus synthesis. Arginine deprivation inhibited polyoma virus DNA synthesis by 6o%, whereas plaque-forming activity was inhibited approximately 9o % during the same period. Arginine deprivation did not affect the number of cells synthesizing structural antigens; however, the encapsidation of virus DNA, dependent upon the synthesis of all structural proteins necessary for virus maturation, was inhibited approximately 9 ° %. A portion of the particles synthesized in arginine-deprived cultures was susceptible to nuclease digestion suggesting incomplete assembly.
INTRODUCTION
The amino acid requirements of several DNA viruses that multiply in the nucleus of their host cell have been studied. The synthesis of adenovirus (Rouse & Schlesinger, I967) , SV4o virus (Goldblum, Ravid & Becker, I968) , and herpes virus (Tankersley, 1964; Becker, Olshevsky & Levitt, 1967; Inglis, 1968; Spring, Roizman & Spear, ~969) demonstrated varying degrees of dependence upon the individual amino acids of Eagle's medium. Synthesis of adenovirus, SV4o virus and herpes virus was inhibited to the greatest extent by omission of arginine from the maintenance medium. The present report deals with the effects of arginine deprivation on polyoma virus infection and the investigation of a possible mechanism for these effects.
METHODS
Virus, cells and medium. The PyD strain of polyoma virus was propagated in primary mouse embryo tissue cultures. Cultures were grown and maintained in Eagle's (MEM) medium (Eagle, 1959) containing 5 % foetal calf serum and supplemented with antibiotics: penicillin, 2oounits/ml.; streptomycin, o.z mg./ml.; and kanamycin, o-oI mg./ml. The mouse embryo monolayers were fed twice at 24 hr periods to obtain complete contact inhibition and consequently a state of low metabolic activity. After adsorption of virus (Ioo p.f.u./cell) for 3 hr, the cultures were maintained in Eagle's medium (with or without arginine) containing 5 % dialysed foetal calf serum.
Virus purification and titration. The virus was purified and quantified as described by Consigli, with the exception that deoxyribonuclease (DNase) treatment was omitted from the purification procedure.
Isotope labelling, extraction and identification of virus DNA. Tritiated thymidine was added 15 hr after infection to cultures maintained in complete and arginine-deprived medium and the uptake of label was allowed for I2 hr. After removal of the radioactive medium the cultures were lysed in the culture dish with sodium dodecyl sulphate and virus DNA was extracted selectively with 1.o M-sodium chloride (Hirt, 1967) . Extracted DNA was further separated by equilibrium centrifugation in a CsC1 density gradient which contained a saturating concentration of ethidium bromide (Radloff, Bauer & Vinograd, 1967) .
The DNA from purified [ZH]thymidine-labelled polyoma virus was obtained after alkaline degradation of the virus capsid by the method of Perry, To & Consigli (1969) .
Inactivation of purified polyoma virus by bovine pancreatic DNase. Caesium chloride density gradient fractions obtained from the encapsidation experiment were divided into two portions; one portion was assayed directly for p.f.u, and the other portion was treated with pancreatic DNase (2oo #g./ml.) for 3o rain. (37 °) and then assayed for p.f.u.
Nuclease digestion of encapsidated polyoma virus DNA. Radioactive fractions from CsC1 density gradients obtained from the encapsidation experiment were pooled and dialysed against lOOO vol. tris-HC1 buffer (o'o~ M-tris, pH 7"2). After removal of a sample to determine total radioactivity the dialysed preparation was incubated with snake venom (Crotalus adantus) phosphodiesterase (I 6o #g./ml.) for 6o min. (37°), followed by incubation for 6o rain. (37 °) with bovine pancreatic DNase (8o/zg./ml.) and 3 mM-MgC12. It was then centrifuged at 156,ooog for ~½ hr. The radioactivity of the supernatant was determined in a Packard scintillation counter.
Radioactive isotopes. Protein was labelled with o.2o/~c/ml.
[laC]L-arginine-guanido (specific activity 0.29 me/m-mole) and 0.20/zc/ml. of pH]DL-valine-3,4 (specific activity o'5 me/m-mole) obtained from New England Nuclear Corp., Boston, Mass. Deoxyribonucleic acid was labelled with 3"o#c/ml. [aH]thymidine-methyl (specific activity 2o.o c/m-mole) and o'5o #c/ml. [laC]thymidine-methyl (specific activity 3o to 50 me/m-mole) obtained from Schwarz Bioresearcb, Inc.
RESULTS

The effect of amino acid deprivation on polyoma virus synthesis
Amino acid requirements of polyoma virus multiplication were examined by omitting the individual amino acids from Eagle's (MEM) medium and observing progeny virus yields 4o hr after infection. Polyoma virus synthesis was dependent upon the presence of all the MEM amino acids, but virus synthesis appeared most dependent upon the presence of arginine, lysine and valine (Table 1) . Arginine deprivation inhibited virus synthesis to the greatest extent (about 95 % inhibition). This inhibition was not a reflexion of host-cell death since uninfected cultures could be maintained in arginine-deprived medium for 96 hr without the appearance of cytopathic effects. In view of the inhibition caused by arginine deprivation this was investigated at the macromolecular level.
Effect of arginine deprivation on polyoma virus synthes&
At least o'o3 mM-arginine was required to obtain a virus yield comparable to the yield obtained with complete medium (o.6o mM-arginine) after 4o hr of infection. Citrulline (o.6o mM) could be substituted for arginine to support virus synthesis; however, ornithine (0.6o and 6.o mM) did not support virus synthesis. A one-step growth experiment was performed to determine if one cycle of virus replication could be completed under arginine deprived conditions. The infected cultures were maintained with complete and arginine deprived media. After various intervals of infection, cultures were assayed for virus yield. Arginine deprivation extended the length of the eclipse period from 36 to 72 hr. After 72 hr of infection in arginine-deprived medium, virus synthesis recovered; however, the burst size was decreased approximately 9o % (Fig. I a) . Haemagglutination activity demonstrated a similar pattern of inhibition (Fig. I b) . Adenovirus (Rouse & Schlesinger, ~ 967) , herpes virus (Inglis, I968) and SV4o virus (Goldblum et aL ~968) did not demonstrate this recovery of synthesis with prolonged arginine-deprived culture conditions. The delayed polyoma virus synthesis, observed after 36 hr infection, in the argininedeprived infection might have been due to arginine turnover in host-tissue culture. To investigate this possibility, proteins of host-tissue cultures were labelled with [14C]L-arginineguanido. Exogenous label was removed by washing and the labelled intracellular arginine pool was depleted by a 24 hr 'chase' period with Eagle's medium containing arginine. The cultures were infected and maintained in complete or arginine-deprived medium. After various intervals of infection, samples of supernatant medium were removed and the radioactivity of the cold trichloroacetic acid (TCA) soluble fraction determined (Fig. 2) . Radioactive arginine was released from the host proteins during infection maintained in argininedeprived medium. The presence of exogenous arginine increased the amount of radioactive arginine released into the supernatant medium. The late recovery of polyoma synthesis during the arginine-deprived infection was probably due to turnover of arginine contained in host protein and not due to a change in arginine requirement for virus synthesis. In order to avoid the late recovery of virus synthesis caused by arginine release from host protein turnover, subsequent experiments were terminated within 48 hr of infection.
Recovery from arginine deprivation
The chronological relationship of arginine requirement and progeny virus synthesis at the end of the eclipse period was determined by allowing an arginine-deprived infection to develop for 32 hr, adding arginine (o.6 raM), and observing the length of time necessary for recovery of synthesis. The infection recovered within 7 hr after the arginine addition, when compared to the totally deprived arginine system (Fig. 3) -The relatively rapid recovery of synthesis suggested that the event inhibited by arginine deprivation occurred late in the eclipse period.
Polyoma virus DNA synthesis
The effects of arginine deprivation on virus DNA synthesis was examined by observing the uptake of [aH]thymidine into virus DNA. Infection was maintained in complete and arginine-deprived media.
[aH]thymidine was added 15 hr after infection and the uptake of label was allowed for 12 hr. The virus DNA was selectively extracted (Hirt method) from cultures and separated from contaminating host DNA by centrifugation to equilibrium in a CsCl-ethidium bromide density gradient. When DNA isolated from purified polyoma virus was centrifuged as above, two distinct peaks appeared; a heavier species consisting of circular-supercoiled DNA (Component I) and a lighter species containing nicked circular, linear (Component II) DNA (Fig. 4a) . DNA extracted from uninfected cells demonstrated only the component II peak (Fig. 4b) , whereas DNA extracted from infected cells revealed both component I and component II (Fig. 4c) . Therefore, the isolation of component I DNA from the arginine-deprived system could be used to quantitate polyoma virus DNA synthesis under various maintenance conditions. DNA extracted from infected cultures maintained with no arginine, an intermediate concentration of arginine and a normal concentration of arginine, revealed that arginine deprivation allowed 4o% synthesis of component I DNA (Fig. 4 d) when compared to the DNA extracted from cells maintained in a normal concentration of arginine (Fig. 4f) . The cultures that were maintained in an intermediate concentration of arginine yielded 6z% synthesis of component I (Fig. 4e) . Apparently, virus DNA synthesis was slightly inhibited, but still synthesized under conditions of arginine deprivation.
Protein synthesis
The effects of arginine deprivation on protein synthesis was examined by following the uptake of labelled valine into acid (TCA) insoluble protein (Fig. 5 a, b) . Arginine deprivation decreased the uptake of [3H]valine in both infected and uninfected cultures approximately 25 % after 24 hr infection when compared to cultures maintained in complete media. The number of cells synthesizing structural antigens (determined by fluorescent antibody staining) was decreased only 14 % after 24 hr of infection. Fine, Moss & Murakami (I968) dissociated the protein coat of polyoma virus into subunits and reported an internal basic polypeptide which was present only in polyoma virus particles containing DNA. The inhibition of a specific polypeptide by arginine deprivation would probably not be detected by the [3H]valine uptake and fluorescent microscopy. The discrepancy between the degrees of inhibition of virus synthesis and protein synthesis as shown by valine uptake and antigen synthesis suggested that arginine deprivation might preferentially inhibit a specific virus protein or proteins, rather than all virus proteins.
Encapsidation of polyoma DNA and sensitivity to nuclease
The synthesis of a complete complement of virus proteins was examined by determining the amount of virus DNA that was encapsidated in the presence and absence of arginine. Infected cultures were maintained in complete and arginine-deprived medium. * Samples exposed to pancreatic deoxyribonuclease (2oo #g./ml.) for 3o min. ? Time after infection. :~ Samples exposed to snake venom phosphodiesterase (I6O/zg./ml.) for 6o min., followed by treatment with pancreatic deoxyribonuclease (80 #g./ml.) for 60 rain.
was added z 9 hr after infection to inhibit further virus DNA synthesis (Consigli et al. I968) and the cultures were incubated an additional 16 hr to allow encapsidation of the previously labelled DNA. The virus was purified and centrifuged to equilibrium in a CsC1 density gradient. Fractions collected from the density gradient were assayed for plaque forming units, haemagglutinating activity and radioactivity. Cultures deprived of arginine throughout the infection encapsidated only ~6% of the DNA encapsidated in cultures maintained in complete medium.
When fractions of these gradients were assayed for plaque forming units, half of the dilutions were also exposed to bovine pancreatic DNase. The virus genome encapsidated in cultures maintained with arginine-deprived medium was sensitive to DNase digestion, whereas the virus genome encapsidated in cultures maintained with complete medium retained its biological infectivity (Table 2 ). In addition, purified virus extracted from cultures deprived of arginine during the labelling period, but exposed to arginine during the encapsidation period was not sensitive to DNase digestion. This sensitivity of the progeny virus encapsidated in cultures maintained in arginine-deprived medium was further investigated by the nuclease digestion of the isotopically labelled encapsidated virus DNA. The density gradient fractions containing labelled virus were pooled into their respective systems and the suspension was exposed to snake venom phosphodiesterase, followed by bovine pancreatic DNase to solubilize polyoma virus DNA. The virus was then sedimentated by centrifugation and the radioactivity of the supernatant, digested DNA was determined. Again virus DNA encapsidated in arginine-deprived cultures was more sensitive to nuclease digestion than was virus DNA encapsidated in the presence of arginine ( Table 2 ).
The nuclease sensitivity of particles synthesized during arginine-deprived infection suggested that assembly of the virus particles was incomplete. This incomplete assembly might occur if a virus protein were missing. Consequently, the absence of a protein might cause a small change in the normal density of the virus particle. Infected cultures deprived of arginine were labelled with [3H]thymidine and infected cultures maintained in complete medium were labelled with [14C]thymidine. The labelled virus preparations were mixed and purified by equilibrium centrifugation in a CsC1 density gradient. The gradient was fractionated (two drops/fraction) and the radioactivity of 14C and ~H in each fraction was determined. The radioactive profile of ~H label showing virus DNA synthesized and encapsidated in the absence of arginine reached equilibrium one fraction lower in the gradient than the radioactive profile of 14C label representing virus DNA synthesized and encapsidated in the presence of arginine (Fig. 6a) . These results suggested that a protein might be missing from the virus particles synthesized in the absence of arginine and caused the buoyant density of the particle to increase. When the virus was labelled in the absence of arginine but was encapsidated in the presence of arginine, no difference in buoyant density of the virus particles was observed (Fig. 6b) . The difference in buoyant density observed above is reproducible although slight.
The nuclease sensitivity, nuclease digestion and slight difference in buoyant density of virus particles synthesized in arginine-deprived cultures suggested that incomplete encapsidation of virus DNA was occurring in the absence of arginine. Thus, it appears that the effects of arginine deprivation are twofold: arginine deprivation inhibited encapsidation of virus DNA and, although arginine-deprived cultures allowed 5 to 15 % of a normal yield to be synthesized, a portion of these particles were not structurally intact.
DISCUSSION
The arginine deprivation of herpes virus infection (Tankersley, 1964; Becker et al. I967; Inglis, I968 ; Spring et al. I969) , adenovirus infection (Rouse & Schlesinger, I967; Russell & Becker, 1968) and SV4o infection (Goldblum et al. I968 ) resulted in a decreased synthesis of infectious particles. Herpes virus was synthesized at less than 1 O//o of normal yield (Tankersley, 1964; Becker et al. 1967; Inglis, 1968 ) while adenovirus synthesized essentially no virus under arginine-deprived conditions (Rouse & Schlesinger, I967) . In contrast, an extensive inhibition to less than 1% of plaque forming activity was not observed with infection by SV4o virus (Goldblum et al. I968) or polyoma virus.
The release of radioactivity from incorporated [I~C]arginine indicated 'turnover' of arginine during polyoma virus infection. This turnover probably allowed some synthesis in the polyoma-mouse cell system and consequently decreased the amount of inhibition observed with arginine deprivation. Arginine 'turnover' might be a characteristic of primary cell cultures since Jeney, Gonczol & Vaczi (1967) could not demonstrate the effects of arginine deprivation of herpes virus infection in several primary cultures.
When polyoma virus infection was deprived of arginine for 32 hr and then arginine was restored to the infection, there was a lag period of at least 7 hr; this relatively short lag period suggested that arginine deprivation inhibited a late event, possibly DNA synthesis or late protein synthesis. A similar assumption was stated by Rouse & Schlesinger 0967) who also reported that DNA synthesis was reduced by arginine deprivation of adenovirus infections, but that DNA synthesis was independent of the presence of arginine in the medium. M/intyj/~rvi & Russell (I969) also reported that synthesis of adenovirus DNA occurred in the absence of arginine, but DNA synthesis of either uninfected or infected cells was reduced by 3o %. In contrast, Becker et al. 0967) concluded that the synthesis of enzymes necessary for herpes virus DNA synthesis was not affected by arginine deprivation. Arginine deprivationinhibited polyoma virus DNA synthesis by 60 %, whereas plaque-forming activity was inhibited approximately 9o % during the same period. Thus approximately 4o % of the inhibition was not due to the lack of synthesized DNA for subsequent assembly.
Rouse & Schlesinger 0967) reported inhibition of type 5 adenovirus structural protein synthesis by arginine deprivation, although the inhibition was not equivalent to the observed inhibition of plaque-forming activity. Russell & Becker 0968) and M/intyj~irvi & Russell (~969) quantitated the inhibition of adenovirus antigen synthesis and found that the inhibition was less than the inhibition of plaque-forming activity. Becker et al. 0967) reported that the lack of arginine in the medium resulted in an approximate halving of the rate of protein synthesis in herpes virus infected or uninfected cells, whereas plaque-forming activity was decreased by 98 to 99 % ; a similar situation was found in the polyoma-mouse cell system. Inhibition of [3H]valine uptake and antigen synthesis (as determined by fluorescent microscopy) by arginine deprivation of polyoma virus infection could not account for the inhibition of plaque-forming ability. However, the inhibition of virus DNA encapsidation by arginine deprivation was equivalent to the inhibition of plaque-forming activity produced by arginine deprivation.
The ability of nucleases to enter polyoma virus particles synthesized in arginine-deprived cultures suggests that these particles are not structurally 'normal'. The preferential inhibition of an arginine-rich virus polypeptide (Murakami et al. I968; Fine et al. ~968 ) might be the mechanism of inhibition by arginine deprivation.
